The plasma facing surfaces in ITER must be aligned to millimeter accuracy with respect to the magnetic flux surfaces to prevent impurity influx into the plasma and to avoid component damage. Checking of in-vessel component alignment during initial assembly, operation, and subsequent maintenance is anticipated. A fully iremote metrology system is necessary, particularly since major remote operations such as shield blanket exchange and divertor c,assette replacement are planned. The metrology system must be compatible with the ITER in-vessel environment of high gamma radiation (-lo6 R/hr), super-clean ultra-high-vacuum Torr), and elevated temperature (-200°C). A fast scanning rate is required since the plasma facing surface in ITER is very large (-1500 m2). A coherent FM laser radar based metrology system, developed by Coleman Research Corporation, is being adopted to accomplish thilj task. Conceptually, this metrology system consists of a compact (few cm3) remotely deployed laser transceiver optics module, linked through fiber optics to the laser source and imaging units that are located outside the biological shield. Range measurements conducted on a variety of surfaces using the system have yielded sub-millimeter accuracy. Therefore, the technique will easily meet the precision requirement for the ITER application. Cornputer simulations have been carried out to determine the optimum number of units required for complete mapping of the plasma facing surfaces. Most in-vessel components of the system appear to be radiation hardenable and vacuum compatible. Details of the system and developments required to make it fully compatible for ITER metrology application will be elaborated.
INTRODUCTION
The ITER vacuum vessel is a toroid with roughly D-shaped crosssection, as shown in Fig. 1 . The maximum height of the plasma facing surfaces inside the D is about 13 m, and the width is about 6 m. The major radius of the plasma is 8.1 m. Precise alignment of plasma facing components inside the torus with respect to the magnetic field lines and the plasma is necessary for the successful operation of the reactor. Even small misalignments (<1 mrn) can cause significant material erosion, precipitating serious problems with plasma operation due to impurity accumulation. Misalignment could also result in damage to certain crucial components. Checking the in-vessel component alignment, during assembly, maintenance Apart from the need to measure the dimensions accurately, routine inspection of the plasma facing surfaces is also anticipated. For example, in JET, periodic viewing of the plasma facing surfaces, to speedily survey their condition without disturbing the operating conditions, is shown to be a valuable diagnostics tools. It will be shown that a precise metrological map of a surface can also be used as a visual image of the surface. As will be made clear later, the metrology system that is being developed for ITER requires no external illumination for producing "picture-quality'' images -a distinct advantage for inspection in the in-vessel reactor environment.
I. ~E T R Q~Q~Y SYSTEM REQUIREMEKTS
The in-vessel surface area of ITER that needs to be mapped is very large (-1500 m2). Minimizing the time required to complete a scan is an important consideration. The aim is to complete a rough scan (about one point per cm2) and compare the results against a previous scan during an 8 hr shift. One may then more closely examine any area that appears suspicious by performing additional, higher resolution scans. As mentioned before, plasma purity considerations require that the alignment be accurate to sub-millimeter levels. ITER metrology requirements documentation calls for an accuracy of 0.1 mm for metrology. Since external access ports are limited and rapidly filling with other diagnostic equipment, a minimal set of metrology probes is desirable. To minimize the number of probes as well as to minimize the time to complete a scan, it is desirable for the range of the probe to be up to 20 m. Thus, maintaining an accuracy of 0.1 mm in range measurements from ranges of up to about 20 m is a basic requirement.
The same considerations outlined in the above paragraph demand that the technique be accurate in a wide range of angles. Also: the range measurements should not be affected by differences in material surfaces as different types of plasma facing components arc anticipated in ITER.
A cryostat surrounds the vacuum vessel and human access is permitted only outside the walls of this cryostat. For metrological mapping of the divertor throat area, kinematics studies suggest that the probes be installed from vertical ports. Although the details of the probe deployment scheme are yet to be designed, the above geometrical constraints dictate that the probe be capable of long travel (-20 m) and the absolute location of the probe position with respect to the plasma facing surface be known to 0. I mm accuracy.
Other environmental considerations include very high levels of gamma radiation, ultra-high-vacuum, and elevated temperature. Soon after the start of ITER, the in-vessel environment of ITER will be highly radio-active due to neutron activation of the metallic wall that envelops the plasma. The gamma radiation level, 24 hr after shutdown ofthe reactor, is estimated to be about 3x106 R/hr. This is about 2-3 orders of magnitude higher than radiation levels encountered in typical fission reactors. The metrologyhiewing system must be fully compatible for remote operation in this environment. The components must also be compatible with the in the torus. Elevated temperatures (-200°C) are also expected within the torus. Although intense neutron radiation will also be present during reactor operation. the metrology system wlll be located in an area that is fully shielded from the neutrons.
clean ultra-high-vacuum (UHV) conditions that must be maintained
MEASUREMENTS USING COHERENT FM LASER RADAR
A comparative evaluation of the various metrology techniques was conducted with the aim of selecting an appropriate technique for ITER. Techniques based on ultra sound, structured light, and time of tlight using laser beams, were evaluated. This study revealed that frequency modulated (FM) coherent laser radar (CLR) based technique2 has the most potential for ITER in-vessel metrology application. In such a scheme, the range is determined by measuring the shift in frequency of an FM laser beam. The accuracy in range is decided by the linearity of the frequency modulation over the counting interval. A prototype CLR system, developed for a joint DOEiNASA project by Coleman Research Corporation, was tested at ORNL in June of 1994. The results indicate that the basic technique is accurate enough to meet the ITER requirements. Since that time, Coleman has improved the ranging accuracy of the system.
The Coleman system is based on a coherent laser radar using a widely FM tunable laser diode (1550 nm). The basic configuration is shown in Fig. 2 . The range is determined by measuring the shift in frequency between the transmitted and received components of an FM laser beam. Equations (1) and (2) describe the pertinent relationships
where f(0) is the initial frequency, f(t) is the frequency of the beam after a transit time t, (df/dt) is the linear modulation rate3. The range R is determined from the transit time by using equation 2, knowing c -the velocity of light. Coherent light waves, when combined correctly in an optical mixer, produce a beat frequency equal to the difference in frequency. Therefore,
A. Precision in Range Measurements
Because of the difficulty in finding a "standard" with sufficient accuracy for comparison, the measurements were done as follows. An anodized aluminum plate surface was positioned at a nominal range of 4 m. From this initial position, the object was moved in increments of 0.005'' (0.127 mm) using a high precision linear positioner. At each position, 30 range measurements were taken using the prototype Coleman FM Laser Radar unit and the average range and the standard deviation were determined. The results, starting with nominal ranges of 4 m, 7.37 m, and 12 m, are shown in Fig. 3 . The results show that the unit was able to measure the absolute range and track the precision movement (0.127 mm) accurately. 
Material

Sensitivity to Different Material Surfaces
In this set of experiments, the accuracy in range measurement is a concern only because of the dependence of the reflected signal strength on the surface reflectivity. In order to quantify the signal strength, a quantity called the "Quality Factor" was tracked over the measurement range. This factor is defined as:
Quality Factor = 10 log (Reflected signal Power/ Reference Power)
Since the reference power is constant, a change in quality factor of 20 dB corresponds to a signal power difference by a factor of 100.
The attenuation of the laser beam in air over a distance of -20 m is very small. However, scattering at the reflecting surface can significantly reduce the power of the reflected signal. For perfectly hemispherical scattering from the surface, over any given range, the signal will be reduced by the square of the ratio of the range. In a 2-15 m range, the maximum change in quality factor is thus 17.5 dB.
There was considerable scatter in the measured Q factor, and therefore a linear regression analysis of the data was done to determine the trend. The results are shown in Table I . The attenuation in signal is well within the capability of the instrument to resolve.
C. Angular Sensitivity
In this test, the test piece was mounted on a rotational stage on an optics bench and the laser beam was positioned to strike the surface at the point of rotation. The test was performed at a range of roughly 7 m, and the angle of incidence was varied in a wide range (0-85 ").
For a perfect cosine law reflector, the signal variation in the 0-85 range is 10.6 dB. The results obtained, using regression analysis of the data, are shown in Table 11 . The instrument was able to obtain range data at near grazing angles on most surfaces.
A metrological map ot a surf-ace will? features can be converted into a "picture quality" image that helps to make visual assessment of the surface patterns. The CLR can be used to acquire images in a wide range o f formats and resolutions. The prototype version has a pointing accuracy of 0.01" and can he programmed to scan areas up to roughly +/-40" in azimuth and elevation. Scan patterns can be set up for raster type, serpentine, or discrete point scans. The data may then be used to produce high quality images of the surface. An image of a dime obtained by precision range scanning of its surface is shown i n Fig. 4 . 0
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IV. REMOTE DEPLOYMENT OF THE METROLOGY PROBE
The metrolo,oy probe will be located outside the cryostat where human accesb is permitted. The height between the vacuum vessel and the cryostat is 8.7 m, at the top port centerline. Thus a very long linear travel (-20 m), without compromising the accuracy of the measuring technique. The probe is planned to be introduced into the ultra high vacuum vessel using a vacuum break with appropriate shielding. The details of the probe deployment mechanism, assuming that top ports are available for probe deployment, are being designed.
V. CONCLUSIONS
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KINEMATICS STUDIES
An important aspect the metrology systein is to determine the number of metrology probes rcquii-cd for a complete view of all the plasma facing surfaces (about 1500 m2). I t is also necessary to evaluate the time required for mapping the entire surface. These two aspects of the metrology system were examined using a computer simulation. A model was created of the ITER vacuum vessel with access ports, blanketishield, and divertor. The model also included a sensor head with two degrees of freedom that permits positioning of the laser scanner device. This simulation arrangement was used to scan the plasma facing surfaces, particularly the divertor surfaces, from both horizontal and vertical port locations. The results show that vertical ports are required if the divertor throat areas are to be measured. Preliminary results suggest that a minimum of S I X probes are required at port locations above the divertor for complete mapping of all the plasma facing surfaces. The results also show that a rough scan of the entire in-vessel surface can be completed in less than 8 hr, if all the probes can be utilized simultaneously.
A remote metrology/viewing system, based on Coherent FM Laser Radar, is being designed for ITER in-vessel application. Experiments using a prototype system, made by Coleman Research Corporation, show that the technique has the capability to map the in-vessel surfaces to sub-millimeter accuracy from distances of -20 in. The quality of the metrological image obtained by this technique reveal that the system can also be utilized for remote in-vessel viewing of the reactor, without the need for any illuminating source. The modifications required for adopting this system for application in the ITER environment are being studied. A scheme for remote deployment of the metrology probe also needs to be designed.
